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G. D. SHOCKMAN. Cell multiplication studied with an electronic particle counter. J. Bacteriol. 82: 857-866. 1961 .-Suitable conditions are described for the application of the Coulter electronic particle counter to the study of bacterial number and particle size distribution in growing cultures. When Streptococcus faecalis and Escherichia coli were each grown in a different medium, exponential growth was accompanied by a continuous decrease in average particle size. The average apparent particle volume of S. faecalis decreased by about 50% in five generations. Microscopic studies of S. faecalis indicated that this was due to a decrease in the average chain length of the cultures. The following observations concerning average particle size during exponential growth of S. faecalis in a synthetic medium were made: (i) A decreased concentration of tryptophan, serine, or proline resulted in a significant decrease in average particle size. Similar changes in numerous other nutrients produced no or only minor changes. (ii) The addition of a cytoplasmic extract prepared from exponentially growing cells resulted in changes similar to those resulting from the partial withdrawal from the medium of certain nutrients. ( iii) The effect of the cytoplasmic extract could be counteracted by the addition of tryptophan. (iv) A limited survey, including the effects of the rate of exponential growth, mechanical agitation, the presence of indoleacetic acid, indole, kinetin, lysozyme, or ascorbate, disclosed no additional factor which the Office of Naval Research (Contract Nonr-2731) , and the American Cancer Society (grant E-47) . Reported in part at the Fifth International Congress of Biochemistry (Moscow, 1961 ).
significantly influenced the particle size distribution.
The potentialities of bacterial growth studies were greatly expanded through the advent of photoelectric instruments which permit rapid and precise determination of total bacterial mass in liquid cultures by turbidity measurements. Measurements of bacterial cell number and cell size have, until recently, depended on the tedious and relatively unprecise microscopic or viable counts methods. Entirely new possibilities in these areas were opened up by the introduction of the electronic particle counter of Coulter (1953) . Kubitschek (1958) showed that the Coulter instrument, originally designed for the counting of blood cells, could be adapted to the much lower size range of bacteria, and Lark and Lark (1960) demonstrated its value in the study of synchronous growth. In the present work it has been used for an investigation of the exponential growth phase.
It is an established concept that, under proper conditions, cells in a liquid culture can grow and multiply at a constant rate. The cells are thought to be in a steady state, known as the exponential growth phase (or log phase), as long as the concentration of none of the nutrients drops below the level necessary for the maintenance of a constant rate of growth and as long as no adverse effects result from the accumulation of extracellular metabolites. We now find that in growing cultures bacterial particle size may undergo a continuous change, although the rate of growth, as measured by turbidity (or dry wt), or by number of particles, is constant. Changes in the length of bacterial chains or size of cell aggregates, conditioned by changes in the relative concentrations of specific nutrients, seem to be METHODS The counter. Figure 1 schematizes the instrument (Coulter Counter, _I\odel A, Coulter Electronics, Inc., Chicago 111.) . Application of Xvacuum causes the bacterial suspension contained in the beaker to stream through the orifice, and at the same time raises the mercury level in the manometer reservoir. WNrhen the vacuum connection is shut off, the stream through the orifice is maintained at a constant rate by the weight of the mercury. WNhenever a particle is within the orifice, the intensity of the current flowing between the electrodes is modified. These changes, which are proportional to particle volume, are translated into electronic pulses and are visible on an oscilloscope. A current control permits adjustment of the pulse height to the particle size range under study. The pulses are counted electronically from the moment the mercury touches the lower contact to the moment it reaches the upper contact in the manometer tube. This takes about 15 see, during which an exact volume (0.05 ml) of the suspension passes through the orifice of 30 M diameter, as a liquid thread of about 100 ma length. The flow rate corresponds to 25 km per hr, and when 10,000 particles are counted their average spacing apart is about 1 cm.
The adjustable threshold control operates in stuch a fashion that only those pulses are counted that are higher than the level at wvhich the control has been set. Successive counts at successively higher threshold levels yield a system of numbers descriptive of the size distribution of the particles under study. AMore detailed information is supplied with the instrument.
Bacterial cultures. Our standard medium Shockman, 1953,1959) (Toennies, Frank, and Gallant, 1952 Fig. 4 ).
RESULTS
Change of particle size. Figure 3 displays typical results in which optical density and total count of an exponentially growing culture of S. faecalis were compared. Many studies, including our own (Toennies and Gallant, 1949; Toennies and Shockman, 1953; Shockman, 1959 Shockman, ), 1961 Table 2 summarizes the results of three experiments, which showed average duplication periods of 90, 84, and 86 min, respectively. It is evident that here also the progress of the exponential phase is accompanied by decreasing particle size. When E. coli B was grown in a different type of medium (see next section) the results were similar. Effect of vibration on particle size. The gradual decrease of chain length with continued growth might be related to the amount of manual shaking to which the tubes are subjected in the course of the experiments, or the random collision of particles may promote chain breakage with time. To examine the role of mechanical breakage, S. faecalis and E. coli cultures were grown under conditions of violent vibration, about 60 (Pierce and Perrine, 1958) . In these experiments the low and high AOD samples were grown in separate tubes, which were inoculated to different levels so that both were vibrated for 212 to 312 hr. E. coli was grown in a medium consisting of two parts of Difco Broth and one part of an inorganic salts-glucose medium (Cohen and Arbogast, 1950) , which gave rapid growth under the conditions of forced aeration induced by the vibrator. As shown in Table 3 Tables 6 and 7 show that, while glucose concentration over a wide range does not affect duplication time, the concentration of other ingredients does. The marked lengthening of duplication time, whieh accompanies the changes in coneentrations from >% to 1/6 of normal (Table 7) , is not reflected by a change in count pattern. AMore direct evidence against an effect of growth rate per se on the count pattern came from experiments in wi-hich duplication time was varied over a 4-fold range from 36 to 150 min by changing the concentration of glutamic acid (in the absence of glutamine) from 200 to 16 jug per ml. No significant effect of growth rate on the count pattern was observed.
Role of changes in the culture system. None of the above observations help to explain why chain length decreases during exponential growth.
Nevertheless, the change in cellular properties, of which the count pattern is an overt manifestation, should be attributable to some change which occurs in the composition of the culture. Therefore, instead of merely investigating the role of changes of the medium, consideration w^as given to changes in the system consisting of bacteria and medium. Our mediumii is so constituted that it can support linear exlponential growth to approximately AOD 2,500 (1 mg (Iry substance per ml). On that basis the concentration of an essential nutrient would decrease by about 50%/ s when a culture grows from AOD 1 to AOD 1,250. The experiments of Table 5 suggest that such lowering of concentration has little effect on the count pattern of a new culture while, at the same time, the count pattern of the culture which gave rise to the lowered concentration had changed drastieally. One may note that the initial ratio of nutrient (in AOD equivalents) to bacteria (AOD) was 2,500 in the primary and 1,250 in the secondary culture, while at the end of growth in the primary culture this ratio was about 1 (Shockman, Kolb, and Toennies, 1957; Kolb, 1960) of washed exponential cells freshly grown to AOD 1000, followed by centrifugation and filtration through a 100-m,u Millipore filter. Role of intracellular factors. The observation that average particle size is decreased when the concentration of certain nutrients is reduced suggests that these nutrients may be inhibitors of the enzymatic machinery involved in chain separation, or that they may play a direct role in cell-to-cell linking. The data summarized in Fig. 8 (Toennies, Bakay, and Shockman, (1959) ], as well as water or phosphate (Barkulis and Jones, 1957) washings of freshly grown cells or of freshly prepared wall substance (Shockman, Kolb, and Toennies, 1957) , were ineffective. When changes in the composition of the medium led to major differences in the count patterns attained at constant growth level, the presence or absence of large aggregates in the culture tubes was often revealed grossly by the presence or absence of a "rough" or "snaky" bacterial sediment.
Other observations. The biogenesis of tryptophan from indole and serine is well known, as is the role of tryptophan as a precursor of the growth hormone indoleacetic acid. Furthermore, the pyrrole ring structure of indole and tryptophan recurs in proline. In view of these considerations, the effect of indoleacetic acid and indole on growth and count pattern was examined. Indoleacetic acid, up to 5 ug per ml, showed no effect and inhibited growth at higher concentrations. Likewise, indole had no effect whatever (up to 10 ,ug per ml). Other factors investigated in this connection were kinetin (10-4 to 1 Ag per ml), egg-white lysozyme (10-6 to 1000 ,ug per ml), and ascorbate (300 ,ug per ml). In all cases growth rates and count patterns remained within normal limits.
DISCUSSION
Observations in accord with the present ones can be gleaned from earlier reports. Longsworth (1936) , in a pioneering application of photoelectric densitometry, recorded adjusted turbidity values and corresponding plate counts in a growing culture of Lactobacillus acidophilus held by automatic control at pH 6.0. A plot of his data reveals a 5-hr period during which both turbidity and plate count increase exponentially, but the counts increase 30 % faster than turbidity. In our case (Fig. 3) , the electronic particle count increases 23% faster than the turbidity. Longsworth also presented photomicrographs which clearly reveal chain degradation accompanying growth. Hershey (1938) showed data for an E. coli culture in which the exponential duplication rate of the plate count is twice that of bacterial nitrogen. While in these two studies the evidence seems strictly analogous to ours, there are many other reports dealing with ehanges of cell morphology during bacterial growth which cannot be applied to an analysis of the exponential phase because the organisms were grown on solid media or growth rate data are lacking. Webb (1951) and Lominski et al. (1958) , among others, have given consideration to the nature of the bacterial chain-breaking mechanism. The former stated that lysozyme caused degradation of chains in clostridia and lactobacilli which was not accompanied by significant clearing of the suspension, while a bacterial extract produced both lysis and chain degradation. The latter observed similar effects (lysis and "unchaining") with supernatants of overnight cultures of enterococei. The recent publications of Richmond (1959a,b) on the extracellular occurrence of a lytic enzyme of Bacillus subtilis and the similarity of its activity spectrum with that of lysozyme make no reference to chain degradation, and the relation between lysis and chain degradation remains obscure.
In the present study, while lysozyme showed no effect on exponential growth rate or count pattern, and the supernatant of an exponential culture produced little or no chain degradation, a major degrading potency was shown by the cytoplasmic extract of exponential cells. Further study of this agent may help to elucidate the question of whether or not the same enzyme system is responsible for wall lysis and chain degradation. Without further clarification of the factors governing its activity, the cytoplasmic agent cannot be definitely related to the phenomenon of progressive chain degradation during exponential growth. Work in this direction is in progress.
